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Abstract
The Intergovernmental Panel on Climate Change’s (IPCC) Fifth Assessment (to be published in 2013-
2014) will to a significant degree be built around four Representative Concentration Pathways (RCPs) that 
are intended to represent four scenarios of future development of greenhouse gas emissions, land use, and 
concentrations that span the widest range of potential future atmospheric radiative forcing. Under the very 
stringent climate policy implied by the 2.6 W/m2 overshoot scenario, all electricity is eventually generated 
from low carbon sources.  However, carbon dioxide capture and storage (CCS) technologies never 
comprise more than 50% of total electricity generation in that very stringent scenario or in any of the other 
cases examined here. There are significant differences among the cases studied here in terms of how CCS 
technologies are used, with the most prominent being is the significant expansion of biomass+CCS as the 
stringency of the implied climate policy increases. Cumulative CO2 storage across the three cases that 
imply binding greenhouse gas constraints ranges by nearly an order of magnitude from 170GtCO2
(radiative forcing of 6.0W/m2 in 2100) to 1600GtCO2 (2.6W/m
2 in 2100) over the course of this century.
This potential demand for deep geologic CO2 storage is well within published estimates of total global CO2
storage capacity.
© 2010 Elsevier Ltd. All rights reserved
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1. Introduction
The Intergovernmental Panel on Climate Change’s (IPCC) Fifth Assessment (to be published in 2013-
2014) will to a significant degree be built around four Representative Concentration Pathways (RCPs) that 
are intended to represent four scenarios of future global development including greenhouse gas (GHG) 
emissions, land use, and the resulting atmospheric GHG concentrations and corresponding atmospheric 
radiative forcing. The RCPs were developed independently by the scientific community and will be used as 
the basis of general circulation models’ analyses of future climate, ecological system based modeling 
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assessments of climate impacts, and integrated assessment (IA) modeling of the options and costs 
associated with mitigating climate change (see [1] for an overview of the RCPs and how they will be used 
by the wider climate change science community). Given the central importance of the RCPs in the IPCCs 
Fifth Assessment and the increasing attention placed on the potential role that large scale deployment of 
carbon dioxide capture and storage (CCS) technologies could play in cost-effectively meeting national and 
international emissions targets, this paper will examine the spatial and temporal adoption of CCS 
technologies across a replication of the four RCPs.
2. Overview of the RCPs
The RCPs were developed by four IA modeling teams around the world and represent four potential 
different global emissions pathways that would lead to the widest possible range of radiative forcing by the 
end of this century. More information about the RCPs and official data from the scenarios is available from 
IIASA [2]. Figure 1 summarizes global CO2 emissions and the resulting CO2 concentrations across the 
GCAM’s representation of the four RCPs ([3-4] provide an overview of the GCAM model). In order of 
decreasing radiative forcing target, the RCPs are:
 RCP8.5W/m2 developed by the IIASA/MESSAGE modeling team in Austria [5].  This corresponds 
to a world where greenhouse gas emissions continue to rise resulting in atmospheric CO2
concentration that exceed 900 ppmv by 2100.
 RCP6.0W/m2 developed by the NIES/AIM modeling group in Japan [6-7]. This RCP stabilizes total 
radiative forcing at 6.0 W/m2.  However, it is not until 2080 that global CO2 emissions begin to 
decrease in absolute terms and continue to decline until the end of the century.  This lax climate 
policy results in global CO2 concentrations by 2100 that are nearly 670 ppmv.
 RCP4.5W/m2 developed by the PNNL/GCAM modeling team in the USA [3, 8]. This RCP stabilizes 
total radiative forcing at 4.5 W/m2.  Global CO2 emissions peak in 2035 and continue to decline 
though the remainder of the century at which point they are approximately 15GtCO2/year or less than 
half of current global CO2 emissions. In the RCP4.5W/m
2, concentrations of CO2 in the atmosphere 
in 2100 are approximately 525 ppmv.
 RCP2.6W/m2 developed by the PBL/IMAGE modeling group in the Netherlands [9]. This RCP 
corresponds to a very tight greenhouse gas emissions reduction policy where global CO2 emissions 
begin to decline almost immediately and after midcentury net global CO2 emissions are negative.  
This “overshoot scenario” implies radiative forcing that peaks at roughly 3 W/m2 at midcentury 
before declining to 2.6 W/m2 in 2100, with resulting 2100 CO2 concentrations of roughly 400 ppm.  
3. CO2 Permit Prices under the Four RCPs
Figure 2 shows the CO2 permit prices required by the GCAM to bring about the emissions reductions 
necessary to reach the 6.0 W/m2, 4.5 W/m2 and 2.6 W/m2 radiative forcing targets.  In GCAM, no climate 
policy is necessary to reach the 8.5W/m2 target, and thus, the effective CO2 permit price throughout the 
century is $0/tonCO2. Hereafter, we will refer to these three scenarios as GCAM6.0, GCAM4.5, and 
GCAM2.6 to stress the point that these are the GCAM’s realizations of the RCP targets and not the official 
RCP scenarios. As one would expect, the significant emissions reductions called for by the GCAM2.6 
scenario results in extremely high CO2 permit prices.  In this case, the global CO2 permit price starts out at 
$22/tonCO2 (2005US$) in 2020, reaches $96/tonCO2 by 2050 and exceed $860/tonCO2 by the end of the 
century. Given the disparity in CO2 permit prices between the GCAM2.6 case and the prices of GCAM4.5 
and GCAM6.0 cases, the right-hand panel of Figure 2 omits the CO2 permit price data for GCAM2.6 to 
allow the reader a better understanding of the GCAM4.5 and GCAM6.0 cases. As can be seen from this 
Figure, CO2 permit prices in the GCAM6.0 scenario never exceed $31/tonCO2 during the course of this 
century and only exceed $10/tonCO2 after 2065.  While the GCAM4.5 case has a CO2 permit price path 
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that starts out at $5/tonCO2 in 2020, hits $22/tonCO2 by 2050 and eventually reaches $85/tonCO2 by the 
end of the century. The CO2 permit price in the GCAM4.5 case remains basically constant in the period 
2080 until the end of the century as total radiative forcing reaches the target 4.5W/m2 in 2080 and therefore 
the goal of the climate policy from that point onward is to maintain the status quo climate as opposed to 
drive ever deeper reductions.
4. Changes to the Global Energy System under the Four RCPs
Figure 3 shows how the global electricity sector evolves over the course of this century under the very 
different conditions implied by GCAM8.5, GCAM6.0, GCAM4.5 and GCAM2.6.  In the GCAM8.5 
scenario, the global electricity sector actually becomes more carbon intensive than it currently is (i.e., the 
percentage of electricity generated from non-emitting sources drops from its current level of just over 30% 
to 12% by the end of the century).  As noted above, the GCAM8.5 scenario results in CO2 concentrations 
that exceed 950 ppmv by 2100 nearly 2.5 times higher than current concentrations.
Electricity generation in the GCAM6.0 scenario remains heavily dominated by coal and natural gas.  
However, the modest CO2 permit prices in this case do result in increasing decarbonization of the global 
electricity sector, largely through a more than tenfold increase in nuclear power, along with significant 
expansion of wind and solar power, over the course of this century. By the end of the century, two-thirds 
Figure 1 Global CO2 Emissions per year (GtCO2/year), left-hand panel and Atmospheric CO2
Concentration (ppmvCO2), right-hand panel
Figure 2 Global CO2 Permit Prices for all Four Cases left-hand panel (2005US$/tonCO2) and Global CO2
Permit Prices for GCAM4.5 and GCAM2.6, right-hand panel (2005US$/tonCO2)
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of the global electricity generated comes from non-emitting sources.  CCS technologies show some modest 
level of deployment in this scenario but it is not until the period 2080-2095 that CCS technologies obtain 
more than 10% of the global electricity market.  For the balance of this century, CCS technologies in the 
GCAM6.0 scenario are decidedly a niche technology accounting for only a few percent of the global 
electricity market (e.g., it is not until 2065 that there are three regions of the world – China, India, and 
South East Asia—that have CCS markets that exceed 100MtCO2 stored per year).  By the end of this 
century in the GCAM6.0 scenario, slightly less than 170GtCO2 have been cumulatively stored in deep 
geologic formations of which nearly 60% is attributable to CCS coupled with coal fired electric and liquid 
fuel production facilities.
Not only is the composition of the electricity generation fleet different when compared to GCAM8.5 and 
GCAM6.0 but the electricity market is also significantly larger in the GCAM4.5 and GCAM2.6 cases.  The 
imposition of these more stringent GHG emissions control policies leads to an acceleration and ultimately 
expansion of the historic trend towards greater electrification of the global economy. By 2050, more than 
half of the global electricity production comes from non-emitting sources and this rises to just shy of 75% 
of electricity by 2065 and eventually exceeds 90% by the end of the century.  In the GCAM2.6 case, the 
global electricity sector is 93% decarbonized by midcentury and is responsible for 1.7GtCO2 of net 
negative emissions per year through the large scale use of biomass +CCS.  The electricity sector’s role in 
delivering negative emissions to the global economy grows more than 11GtCO2 per year by the end of the 
century. Under this very stringent climate policy, all electricity is eventually generated from low carbon 
Figure 3 Global Electricity Production (EJ/year)
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sources.  However, CCS technologies never comprise more than 50% of total electricity generation in the 
GCAM2.6 case or any of the other cases examined here.
Figure 4 shows the geographic distribution of CCS deployment in the GCAM4.5 and GCAM2.6 cases
while Figure 5 shows this same CCS deployment data broken out by major fuel and technology for these 
two cases. The cumulative geologic storage demanded over the course of this century is 740GtCO2 for the 
GCAM4.5 case and nearly 1600GtCO2 for the GCAM2.6 case.  While the amount of geologic CO2 storage 
space required is almost double in the GCAM2.6 case, there is relatively little difference in regional 
distribution of CCS storage deployment across these two cases.  China, India, Southeast Asia, the USA and 
Africa are the largest markets for CCS technologies in both cases.
There are however significant difference between the two cases in terms of how CCS is used with 
different technologies and fuels.  As can be seen from Figure 5, the most obvious difference between the 
two cases is the significant expansion of biomass+CCS at the expense of coal+CCS in the GCAM2.6 case
which has 425GtCO2 of cumulative demand for CO2 storage reservoirs from biomass over the course of the 
century compared to less than 100GtCO2 for the GCAM4.5.  It is the large scale harvesting of commercial 
biomass coupled with CCS that allows for the net negative global CO2 emissions in the post-2065 period 
that are required to bring global CO2 concentrations and radiative forcing down after “overshooting” those 
thresholds earlier in the century.  Luckow, Wise and Dooley[10] discuss the feasibility of long-term 
biomass + CCS systems on this scale. Given the very high CO2 permit prices in GCAM2.6 there is also a 
significant expansion of natural gas + CCS and cement + CCS when compared to the GCAM4.5 case.
Figure 4 Global CO2 Storage by Region (GtCO2/year)
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Figure 6 shows CO2 storage broken out by fuel for selected regions for the GCAM45 case.  Most 
regions use of CCS technologies as an aspect of their larger GHG emission reduction portfolio is 
dominated by CCS coupled with coal-fired electricity (e.g., approximately 70% of the cumulative market 
for CCS in the USA and China is related to coal).  However not all regions follow this trend.  Latin 
America’s use of CCS is heavily tied to natural gas and biomass-fired energy technologies, while the 
Former Soviet Union’s use of CCS is dominated by natural gas-fired systems.
Figure 5 Global CO2 Storage by Fuel (GtCO2/year)
Figure 6 Annual CO2 Storage for Selected Regions by Fuel for the GCAM4.5 Case (GtCO2/year)
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5. Comparing CCS Deployment in the RCPs with Literature Reported in the IPCC Special Report 
on Carbon Dioxide Capture and Storage
Cumulative CO2 storage across the three RCP targets that imply binding greenhouse gas constraints 
ranges by nearly an order of magnitude from 170GtCO2 (radiative forcing of 6.0W/m
2 in 2100) to 
1600GtCO2 (2.6W/m2 in 2100) over the course of this century.  Figure 7 shows the demand for geologic 
CO2 storage space across the RCP analysis reported here and compares it to data a large number of studies 
of the deployment of CCS that were summarized in Figure 8.6 of the IPCC Special Report on Carbon 
Dioxide. The potential demand for deep geologic CO2 storage reported here is well within published 
estimates of total global CO2 storage capacity [11]. The 1600GtCO2 of deep geologic CO2 storage space 
required in the GCAM2.6 case is less than the maximum (5600GtCO2) and average (2100GtCO2)
cumulative CO2 storage demand for the surveyed 450 ppmv stabilization scenarios reported in the IPCC’s 
Special Report on Carbon Dioxide Capture and Storage [11] even though the GCAM2.6 case is a 
significantly more stringent climate policy. This is likely a reflection of continued improvements in the 
modelling of a wide variety of GHG abatement options within Integrated Assessment models as opposed to 
any downward revision of the cost competitiveness or deployment potential of CCS technologies. 
Figure 7 Cumulative CO2 Storage across the Remainder of this Century for the RCPs as Well as Modelling
Summarized in the IPCC's Special Report on Carbon Dioxide Capture and Storage (GtCO2)
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At the level of individual regions, the cumulative demand for CO2 storage seems to be well within 
published estimates of potential geologic CO2 storage capacity.  The only possible caveat to that being in 
regards to India [12] where 130 GtCO2 is demanded in the GCAM4.5 case and almost 260GtCO2 is called 
for in the GCAM2.6 case.  However, if the storage potential of the massive deep geologic basalt flows in 
India [13] is validated then that would imply that India has potential storage capacity closer to 1000GtCO2 
rather than an order of magnitude less as reported in studies that do not consider basalt based CO2 storage. 
Thus, it would appear that all regions of the world have at least the potential to accommodate the geologic 
CO2 storage demanded even in the very stringent GCAM2.6 case.
6. Concluding Comment
CCS is clearly an important aspect of a broader portfolio of technology and policy options for 
addressing climate change.  CCS deployment across the GCAM’s representation of the four RCPs shows 
that CCS deployment will be heterogeneous across space and time and will vary with the stringency of the 
implied emissions reduction target.  For very stringent climate policies, the ability to deploy CCS with 
sustainable grown biomass fired energy systems appears to be especially critical.
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